We have proposed and fabricated a new mid-infrared reflector using the guided-mode resonance (GMR). The GMR reflector consists of subwavelength Ge grating on GaAs substrate with a low-refractive-index SiO x layer in between. With a total thickness of about 2 μm, a near-100% reflectivity at 8 μm has been obtained both theoretically and experimentally.
Introduction
Semiconductor-based optoelectronic devices for longwavelength mid-infrared (IR) regime (8-12 μm) have been studied for decades due to their wide applications in biosensing, thermal imaging, and communication [1, 2] . To develop these devices, a high-reflectivity mirror is necessary in certain circumstances. Metal film is commonly used for this purpose. However, because of its broadband (from visible to THz) high reflectivity, it is sometimes inconvenient if one wishes to have a definite reflectivity only in a particular wavelength range. Consisting of alternative layers with high/low refractive indexes, the semiconductor or dielectric distributedBragg-reflectors (DBRs) can provide an on-demand bandpass filter with a proper design and selection of materials. Nevertheless, it is not practical to apply them for long-wavelength IR devices, as the total film thickness needed is far too thick, which makes sample growth and device fabrication more difficult.
On the other hand, the emerging subwavelength grating has attracted much attention recently due to its novel optical properties and flexibility in integrating with other devices [3] [4] [5] [6] [7] [8] [9] [10] [11] . The pioneering works [3] [4] [5] [6] demonstrated that the two-dimensional gratings using the guided-mode resonance (GMR) effect can become a new element in optical devices in visible and near-IR regimes. With a single layer serving as a grating and also a waveguide, the subwavelength grating exhibits wideband high reflectivity. The physical origin of the wideband reflectivity of these high-contrast subwavelength gratings that we shall employ in this work has been discussed in [12, 13] for 1D and 2D gratings, respectively. The much thinner thickness and flexibility during device processing enables us to fabricate a high-reflectivity mirror in a desired band in the long-wavelength mid-IR regime. Such a reflector can be used, for example, to fabricate a resonant cavity to enhance the quantum efficiency of the quantum-dot IR photodetectors with responsivity spectra ranging from 7.5 to 8.5 μm [14, 15] . These GMR reflectors can find their applications aiming for different wavelengths in mid-IR regime due to their flexibility. In this paper, we propose and demonstrate the use of a GMR reflector as a high-reflectivity mirror at the wavelength of 8 μm. A theoretical simulation, device fabrication, and reflectivity measurement will be presented and discussed. GMR reflectors aiming for longer (>100 μm) [16] and shorter (2-3 μm) [17] wavelengths have been reported previously.
Structure Design and Implementation
GMR is a coupling effect between the grating diffraction and the waveguide mode [3] [4] [5] [6] [7] . The reason for achieving nearly 100% reflectivity is that, as the diffracted rays couple into the guided mode of grating, a resonant condition can be met to make the transmitted light interference destructively. One obvious advantage of using a GMR mirror is its much thinner thickness (∼λ, the designed wavelength) compared with that of a DBR reflector (∼10λ). Our proposed structure is sketched schematically in Fig. 1 . On a semi-insulating GaAs substrate, an SiO x layer is followed by a Ge subwavelength grating [see Fig. 1(a) ]. We use Ge as the grating material for two reasons. First, the refractive index of Ge is 4.0 at 8 μm, so the total thickness of a Ge thin film can be reduced to less than 1 μm (which we will see from the simulation). This makes the subsequent grating fabrication using a lift-off process much easier. The second reason is the near-100% transparency of Ge at 8 μm. The lowrefractive-index SiO x layer sandwiched by the GaAs substrate and the Ge layer is used to enhance the waveguiding effect in the Ge grating/waveguide.
We perform the numerical simulation based on the method of rigorous coupled-wave analysis [18] that calculates the diffraction of the incident plane waves. By using the commercial software DiffractMOD 3.1 produced by RSoft Design Group, with input structure parameters of thickness and refractive index of each material, the reflectivity spectra and steadystate electric field distribution can be calculated three dimensionally [19] . The refractive indexes of GaAs and Ge are set as 3.4 and 4.0, respectively. SiO x has a sharp and strong absorption at 10 μm, so we take the dispersion relation (n and k) from the software library. As shown in Fig. 1(b) , hexagonal-lattice Ge gratings (period a 5 μm) and circular holes with various radius (r 1.55 − 1.85 μm) are used for simulation. The film thicknesses of SiO x and Ge are 1.3 and 0.78 μm, respectively. One has to consider the fabrication issue when these parameters are chosen if the standard photolithography process is to be employed. Note that the boundary of the simulated structure has been put far enough and set as perfect matching layers to avoid any boundary effect.
The simulated reflective spectra are plotted in Fig. 2 . Let us look at the spectra of r∕a ratio (the ratio between the hole radius r and the period a) of 0.31 first (black curve). It is clear that there is a highreflectivity band from 8 to 10 μm. The abrupt drop at 10 μm results from the strong absorption of SiO x . The reflectivity higher than 95% in 8-10 μm has been achieved. With an increasing r∕a ratio, the high-reflectivity band exhibits a blue shift, which is due to the increased effective refractive index of the Ge waveguide with the higher r∕a ratio [8] . Note that the long-wavelength side is limited by the SiO x absorption at 10 μm.
To obtain a clear picture of the GMR effect in our structure, we plot the simulated electric field distributions of the device with r∕a ratio of 0.35 for three wavelengths (8.00, 6.56, and 6.95 μm) in Fig. 3 . Because the device is a 3D structure, we plot the distribution along the axis at the hole center (C), as indicated in the inset of Fig. 3 . Note that the rectangle in the inset figure is the unit cell for simulation. The electric distribution along the axis on the sidewall (S) of the unit cell is also plotted for the wavelength of 8 μm. The wavelengths of 8.00 and 6.56 μm are selected because of their high reflectivity and the wavelength of 6.95 μm is the local minimum of reflectivity, as shown by the spectra for the 0.35 r∕a ratio in Fig. 2 . Fig. 1 . Schematic structure of the (a) GMR reflector and (b) its top view. The hole radius is r and the center-to-center distance of the holes is a. Fig. 2 . Simulated reflectivity spectra for various r∕a ratios. Let us first look at the C-axis electric field distribution of the 8 μm one in Fig. 3 (red curve) . It is clear that the field intensity in the air region is much larger than that in the GaAs substrate, indicating its high reflectivity of ∼0.96. The similar situation can be seen in the S-axis one. In the case of 6.56 μm at the C axis, the transmitted wave gets stronger but still weaker than the reflected one, so the reflectivity lowers a bit to about 0.78. The last one of 6.95 μm at the C axis exhibits a strong transmission, as its reflectivity is at the local minimum. It is also found that the 6.56 μm one is a higher-order mode because there is a node in the waveguide region.
Sample Preparation and Measurement
The sample preparation starts from a (100) GaAs substrate. After cleaning with acetone and de-ionized water, the native oxide on the GaAs wafer is removed by a solution of HCL∶H 2 O 1∶10. Then, 1.3-μm-thick SiO x is deposited at 80°C by plasma-enhanced chemical-vapor-deposition (PECVD). With the standard photolithography, the photoresist in the region of holes is formed. In the following, the Ge thin film (thickness 0.78 μm) is evaporated by an e-gun evaporator at room temperature and then the unwanted Ge is lift-off in acetone. Each device has an area of 5 mm × 5 mm. The photo image of the finished device taken by an optical microscopy is shown in Fig. 4(a) . The large area picture shows good uniformity of the fabricated device. The scanning electron microscopy (SEM) image in Fig. 4(b) illustrates that the holes in the hexagonal lattice have nearly perfect circular shape. The diameters of each device are also measured with the SEM pictures.
The spectra measurement is performed in air at room temperature. To avoid the calibration problem of the transmission measurement [20] , we measure the reflectivity spectra by combining a commercial Fourier-transformed infrared (FTIR, Nicolet 6700) with a homemade optical setup, as illustrated in Fig. 4(c) . The personal computer (PC)-controlled FTIR system includes a light source, a photodetector, and optics for the wavelength range of 2-25 μm. The light source is fixed in the FTIR equipment, and its light is collimated into plane waves by the existing lens before incident onto the sample. The sample attached to the sample holder is placed in the middle between the light source and the built-in IR detector. The 45°-tilted ZnSe 50/50 beam splitter is used to redirect the reflected light from the sample surface to the mirror 1 (M1). With the three reflections on mirrors 1, 2, and 3 (M1, M2, and M3), the reflected light is detected by the IR detector. The spot size of the incident light is about 3 mm × 3 mm, which is defined with a square aperture in front of the sample. By replacing the sample with a gold thin film prepared by an e-gun evaporator, we can calibrate the reflectivity by assuming that the reflectivity of gold in this regime is known as 0.98.
In Fig. 5 , we plot the measured reflectivity spectra for four devices with various r∕a ratios ranging from 0.330 to 0.370. A high reflectivity at 8 μm is obtained unambiguously. Note that we have prepared and measured several samples for each r∕a ratio, and they reveal nearly the same high-reflectivity band. With the increasing r∕a ratio (larger holes), the band of high reflectivity shifts to the shorter wavelength, as expected in Fig. 2 . However, the reflectivity drops to less than 90% when the wavelength is longer than about 9 μm, which is not consistent with the simulation. We believe that this is caused by the absorption of the PECVD-prepared SiO x layer. It has been reported that the absorption of an SiO x layer is strongly dependent on the preparation method [21] . This is also evidenced by the broad reflectivity dip at about 10 μm. The broader dip differing from the theoretical simulation indicates that the SiO x prepared by PECVD at 80°C has a wider absorption band compared with that used in our simulation. This wide absorption band could have extended to the wavelength of 8.5-9.5 μm and thereby lowered the reflectivity. To confirm this, we also prepare a single-layer SiO x on GaAs. By measuring and fitting its reflectivity spectra, we can extract its n and k values. The result (not shown here) reveals an increased k value of PECVD-prepared SiO x between 8 and 10 μm. Finally, in the following, we would like to address the issue of material selection for making the reflector. There are quite a lot of choices for grating, substrate, and low-refractive-index material in between as long as they can provide the required optical property and are feasible for fabrication. We choose GaAs as the template because it is one of the most common substrates for making optoelectronic devices. Other substrates like InP or Si are also applicable, although the structure parameters need slight modification. The Ge layer can be replaced with any material having a high enough refractive index and being transparent in the desired wavelength range. The SiO x is not the best selection for the low-refractive-index layer due to its strong absorption, as we have seen above. Because the absorption is due to the vibration modes of Si-O bonding, TiO 2 , for example, could be used instead to avoid it. Other dielectric material with low refractive index could be used, if available.
Conclusion
We have presented the design and fabrication of a new long-wavelength mid-IR mirror using the GMR effect. The high reflectivity (>95%) at 8 μm has been obtained with a total film thickness of about 2 μm. Although the high-reflection bandwidth is depressed by the strong absorption of the SiO x layer, our design is feasible and easy for further integration with other mid-IR optical devices. One immediate application is fabricating a resonant cavity-enhanced quantum-dot IR photodetector by combining our reflector and the bottom DBR mirror reported in [22] , which could significantly enhance its external quantum efficiency so its operating temperature could be increased.
